Synaptic potentials originating at distal dendritic locations are severely attenuated when they reach the soma and, thus, are poor at driving somatic spikes. Nonetheless, distal inputs convey essential information, suggesting that such inputs may be important for compartmentalized dendritic signaling. Here we report a new plasticity rule in which stimulation of distal perforant path inputs to hippocampal CA1 pyramidal neurons induces long-term potentiation at the CA1 proximal Schaffer collateral synapses when the two inputs are paired at a precise interval. This subthreshold form of heterosynaptic plasticity occurs in the absence of somatic spiking but requires activation of both NMDA receptors and IP 3 receptor-dependent release of Ca 2+ from internal stores. Our results suggest that direct sensory information arriving at distal CA1 synapses through the perforant path provide compartmentalized, instructive signals that assess the saliency of mnemonic information propagated through the hippocampal circuit to proximal synapses.
INTRODUCTION
Neurons extend complex dendritic arbors at which they transform the inputs from thousands of synapses to produce a meaningful output. However, synaptic potentials initiated along the dendritic tree can be greatly attenuated and slowed when they arrive at the site of action potential initiation near the soma due to the passive cable properties of the dendrites (Gulledge et al., 2005; Williams and Stuart, 2003) . To help compensate for this distortion, which increases with increasing distance of an input from the soma, dendrites employ a number of active mechanisms to boost the amplitude and speed the time course of synaptic potentials in a distance-dependent manner, thereby normalizing the integration of synaptic potentials at the soma Magee, 2000) . However, neurons may also exploit the signaling constraints of their dendritic architecture to perform unique computations that are adapted to the function of the circuit in which they are embedded (London and Hausser, 2005) . Here we report a heterosynaptic learning rule in which the delay caused by the propagation of distal synaptic potentials along the dendrites of a hippocampal CA1 pyramidal neuron is used to assess the appropriate timing of information propagated through the hippocampal circuit that arrives at proximal synapses.
The view that CA1 neurons may exploit their dendritic architecture to perform computations important for the hippocampal circuit dates to studies of Ramon y Cajal (Cajal, 1911) , who first demonstrated that information from the entorhinal cortex arrives at CA1 pyramidal neurons through two main pathways that are segregated to distinct regions of the apical dendrites (Amaral and Witter, 1989; Steward, 1976) . The perforant path inputs, which provide direct sensory information from the entorhinal cortex, terminate on the distal CA1 dendrites in stratum lacunosum-moleculare (SLM). In contrast, the Schaffer collateral inputs from hippocampal CA3 pyramidal neurons, which provide indirect information from the entorhinal cortex that has been processed through the hippocampal trisynaptic circuit, terminate on more proximal CA1 dendrites in stratum radiatum (SR). The trisynaptic path introduces a delay-line architecture so that information arising from entorhinal cortex arrives at the distal CA1 dendrites 10-20 ms prior to the arrival of information at the proximal CA1 dendrites (Yeckel and Berger, 1990) . This circuitry has led to the postulate that CA1 neurons compare direct sensory information with memory traces from associative hippocampal networks (Lisman, 1999) , although the nature of the comparison is unclear.
Several recent studies have provided evidence that the direct cortical input to CA1 neurons conveys essential spatial information to the hippocampus (Brun et al., 2002; Fyhn et al., 2004; Steffenach et al., 2005) that is sufficient for some forms of spatial memory (Brun et al., 2002) and necessary for memory consolidation (Remondes and Schuman, 2004) . Moreover, enhanced long-term synaptic plasticity in this pathway is correlated with enhanced spatial learning (Nolan et al., 2004) . The behavioral importance of the distal synapses, however, contrasts with their weak influence on the somatic voltage. The excitatory drive of the distal inputs is reduced by the passive cable properties of the dendrites, robust feedforward inhibition (Colbert and Levy, 1993; Empson and Heinemann, 1995; Levy et al., 1995) , and the high levels of expression in the distal dendrites of ion channels that decrease local membrane resistance (Lö rincz et al., 2002; Magee, 1999; Notomi and Shigemoto, 2004) . Moreover, in vivo single-unit recordings have revealed that the neurons in the superficial layers of the entorhinal cortex that give rise to the perforant path fire low-frequency, isolated action potentials that may not be sufficient for driving somatic spiking in CA1 (Frank et al., 2001) .
The relatively weak influence of the perforant path synapses on somatic output has led to the idea that these distal inputs primarily serve a modulatory function (Levy et al., 1998; Sherman and Guillery, 1998) . For example, the feedforward inhibition driven by strong repetitive stimulation of distal inputs inhibits the induction of long-term plasticity at proximal synapses (Colbert and Levy, 1993; Remondes and Schuman, 2002; Steward et al., 1990) . In contrast, depolarization generated by strong bursts of rhythmic activity at distal synapses can enhance the induction of synaptic plasticity at proximal inputs by regulating the timing and rate of spikes driven by proximal inputs (Buzsá ki, 2002; Judge and Hasselmo, 2004; Levy et al., 1998) . Coincident activity at perforant path and Schaffer collateral synapses has been found to boost the size of distal EPSP signals arriving at the soma, although the boosting requires strong repetitive firing of the distal inputs (Ang et al., 2005; Jarsky et al., 2005) .
The strong bursts of PP stimuli required to elicit the modulatory effects seen in these previous studies are in contrast to the sparse firing patterns and highly specific spatial information conveyed by inputs from the entorhinal cortex (McNaughton et al., 2006) . This raises the question of whether distal modulatory mechanisms exist that are more consistent with the physiological characteristics of these inputs. A clue to the nature of one possible modulatory function comes from classic (Rall and Rinzel, 1973; Rinzel and Rall, 1974) and more recent theoretical studies (Golding et al., 2005) suggesting that individual distal synaptic events, although inefficient at triggering somatic spikes, can produce significant depolarization in the proximal dendrite. We therefore hypothesized that isolated distal excitatory inputs may provide precisely timed subthreshold signals for compartmentalized computations at more proximal synapses.
Here we show that the pairing of single distal synaptic inputs with proximal synaptic events at an interval matched to the 20 ms timing delay inherent in the hippocampal circuit leads to a long-lasting potentiation of proximal CA1 synapses. This form of synaptic enhancement, which we term input-timing-dependent plasticity (ITDP), requires activation of NMDA receptors and IP 3 receptormediated release of Ca 2+ from intracellular stores. Our results thus suggest that distal synaptic inputs can indirectly influence somatic output by acting as temporally specific instructive signals for the induction of plasticity at proximal synapses. This may provide a mechanism by which CA1 neurons and the hippocampal circuit select and stabilize mnemonic information that bears the appropriate temporal relationship to direct sensory input.
RESULTS
Pairing of Proximal and Distal CA1 Inputs Leads to NMDA Receptor-Dependent Long-Term Potentiation of the Proximal Inputs We obtained whole-cell current-clamp recordings of distal and proximal EPSPs from the soma of CA1 pyramidal neurons in mouse hippocampal slices. Focal extracellular stimulation in stratum lacunosum moleculare (SLM) and in stratum radiatum (SR) were used to recruit, respectively, distal perforant path inputs (PP) and proximal Schaffer collateral (SC) inputs (see Experimental Procedures, schematic in Figure 1A ). The two pathways were stimulated independently (>300 ms apart) to monitor synaptic strength.
To test the interaction of distal and proximal synaptic inputs, we first applied pairs of stimuli in which the distal stimulus preceded the proximal stimulus by 20 ms (defined as a À20 ms interval), matching the expected propagation delay (Yeckel and Berger, 1990) . Pairing of small subthreshold distal and proximal synaptic inputs at this temporal offset for 90 s at 1 Hz induced a large and sustained potentiation of the proximal Schaffer collateral EPSPs (3.1 ± 0.3 fold potentiation, n = 12, p < 0.0001, paired t test; Figures 1 and 2B), with no change in the average magnitude of perforant path EPSPs (0.99 ± 0.14 fold potentiation, p = 0.94, paired t test; Figures 1 and 2C and Figure S1 available online). We refer to this form of heterosynaptic plasticity as associative input-timing-dependent plasticity (ITDP). Importantly, the small EPSPs evoked during the pairing protocol failed to evoke a somatic action potential, indicating that the signal for plasticity occurs below the threshold for somatic output.
The lack of change in distal EPSPs following pairing suggests that ITDP expression is restricted to proximal synapses and thus does not represent a cell-wide change in dendritic excitability. To examine whether the enhancement in the SC EPSP was specific to the paired pathway, we performed a two-pathway experiment in which a PP EPSP was paired with one of two independent SC inputs. We found that the SC EPSP in the paired pathway was significantly potentiated whereas the SC EPSP in the unpaired pathway was not enhanced (p > 0.1). However, there was a trend toward potentiation in the unpaired pathway (which could indicate either that the two pathways were not always fully independent or that a component of ITDP lacks synapse specificity; see Figure S2 ).
We next assessed the dependence of ITDP on the timing interval between the paired PP and SC stimuli (Figure 2 ). There was a sharp drop off in potentiation for pairing intervals surrounding the ideal À20 ms interval. Indeed, we observed a small depression in Schaffer collateral EPSPs at the other timing intervals and a highly significant dependence of potentiation upon pairing interval (ANOVA [interval] , F = 12.04, p < 0.0001; Figure 2A) . Importantly, the potentiation at the À20 ms interval was highly significant when compared with the small depression at the inverse +20 ms pairing interval in which the proximal afferents were stimulated 20 ms before distal afferents (p < 0.0005).
The timing of ITDP and its independence from somatic action potential firing differ strikingly from the more classical Hebbian forms of plasticity previously characterized for the Schaffer collateral synapses, such as spike-timing-dependent plasticity (STDP) (Dan and Poo, 2004) . In STDP, the presynaptic cell must fire an action potential to elicit an EPSP prior to a strong associative depolarization of the postsynaptic cell (e.g., an action potential); that is, activity in the presynaptic cell must be causal for activity in the postsynaptic cell (Hebb, 1949) . In contrast, an active Schaffer collateral synapse is potentiated by the ITDP protocol only if it is preceded (by a 20 ms interval) by activation of the postsynaptic CA1 cell by a distal EPSP. Thus, ITDP implements a predictive learning rule functionally distinct from STDP.
The dependence of Hebbian plasticity on timing interval is thought to reflect the properties of NMDA receptors, which require that the membrane must be depolarized while the receptors are activated by glutamate to expel Mg 2+ and permit Ca 2+ influx. Does ITDP also require activation of NMDA receptors, even though its timing dependence is the opposite of STDP? Indeed, ITDP was completely suppressed when the pairing protocol (À20 ms time window) was applied with NMDARs blocked by 50 mM D-APV ( Figure 2E ). We explored the mechanism for the reversed timing dependence of ITDP in a computational model discussed below (see Figure 7) . ITDP Requires Activation of Distal AMPA and NMDA Receptors but Is Independent of Inhibitory Synaptic Transmission Distal stimulation could recruit proximal LTP through the activation of nonglutamatergic modulatory inputs whose axons pass through the SLM region of CA1 Lisman, 1999, 2000) . To distinguish between the importance of modulatory inputs versus the perforant path glutamatergic inputs, we locally applied CNQX (a blocker of AMPA receptors) and D-APV to distal synapses in SLM to block their ionotropic glutamate receptors (Figure 3 ). We first verified that the local application of these inhibitors was effective in selectively blocking fast glutamatergic transmission at distal synapses while sparing glutamatergic synaptic transmission at proximal Schaffer collateral synapses ( Figures 3B and 3C) . Importantly, local application of the antagonists to distal synapses also blocked the ability of the pairing protocol to induce ITDP ( Figures 3C and 3D ). Since application of the blockers in SLM should not alter the direct firing of any modulatory axons in response to the distal stimulus, we conclude that ITDP requires the specific activation of distal glutamatergic inputs.
In addition to activating the perforant path inputs from entorhinal cortex, distal stimulation also recruits strong feedforward GABAergic inhibition. Thus, we wondered whether ITDP could result from a change in inhibitory transmission (Wö hrl et al., 2007) . However, when the optimal pairing protocol was delivered in the presence of SR95531 (1 mM) and CGP55845 (2 mM), which block GABA A and GABA B receptors, respectively, we still observed a normal-sized ITDP ( Figure 3D ), supporting the specific role of distal glutamatergic transmission.
Pairing of Distal and Proximal Inputs Induces ITDP without Recruiting a Dendritic Spike
How does the distal glutamatergic EPSP interact with the proximal EPSP to induce ITDP? The importance of NMDA receptor activation suggests that the depolarization due to the distal EPSP may sum with the local EPSP at proximal synapses to relieve Mg 2+ block of the NMDA receptors, thus enhancing Ca 2+ influx into the proximal spine to induce synaptic plasticity. However, in contrast to ITDP, most forms of NMDAR-dependent long-term potentiation at Schaffer collateral synapses require somatic spiking or strong somatic depolarization. Might the ITDP protocol elicit local spikes in the proximal dendrites that do not propagate to the soma, as previously observed during the induction of LTP at distal inputs using tetanic stimulation (Golding et al., 2002) ? To determine whether ITDP requires dendritic spiking, we performed whole-cell patch-clamp recordings from the trunk of the apical dendrite, at distances up to 200 mm from the soma, approaching the outer third of SR (Figures 4A and 4B) . Stimulation of individual proximal inputs or paired proximal and distal inputs produced local depolarizing responses in the dendrites of 8À20 mV, several fold larger than those typically recorded in the soma. However, these responses were always subthreshold; dendritic spikes were never observed during paired stimulation of distal and proximal synapses for a wide range of pairing intervals ( Figure 4D ). Although subthreshold, the paired distal and proximal EPSPs did summate to enhance the peak depolarization over that produced by the proximal EPSP alone ( Figures 4D and 4E ). Interestingly, maximal summation was observed using an interstimulus interval of À20 ms, the same interval that produced ITDP, although the curve relating EPSP size to pairing interval was broader than that of ITDP.
The lack of dendritic spiking during the pairing of distal and proximal inputs does not reflect a general lack of excitability of the mouse CA1 neuron dendrites. Thus, we were able to detect both backpropagating dendritic action potentials in response to direct depolarizing current injections ( Figure 4C ) as well as putative dendritic spikes in response to repetitive SC stimulation (Figures 4F and 4G) . Moreover, in Ca 2+ imaging experiments, we observed large Ca 2+ transients in both proximal and distal dendrites in response to strong bursts of proximal or distal synaptic stimulation. Importantly, such dendritic Ca 2+ ''spikes'' were not elicited in either the proximal or distal dendrites during the relatively weak ITDP pairing protocol ( Figure S3 ). Thus, ITDP does not require large, forward-or backpropagating dendritic spikes, in contrast to other forms of longterm potentiation in the hippocampus (Bi and Poo, 1998; Golding et al., 2002; Magee and Johnston, 1997) .
Pairing of Distal and Proximal Inputs Enhances the Ca 2+ Transient at Proximal Dendritic Spines
The lack of pairing-induced dendritic action potentials raises the question as to whether a subthreshold interaction between distal and proximal EPSPs during the pairing protocol might be capable of enhancing the proximal spine Ca 2+ transient for the induction of ITDP. We examined this possibility using two-photon microscopy to image Ca 2+ at single spines on proximal dendrites in response to distal and proximal synaptic stimulation (Figure 5 ). We first identified proximal spines that were directly activated in response to Schaffer collateral stimulation based on the presence of a Ca 2+ transient localized to the spine head. The Ca 2+ transient in the active spine was significantly greater than the Ca 2+ transient in the neighboring dendritic shaft or in neighboring spines ( Figure S4 ) and showed probabilistic successes and failures in response to successive single Schaffer collateral inputs ( Figure S5 ). Such properties indicate that the Ca 2+ transients resulted from activation of that spine's own synaptic input and were not caused by a local dendritic spike.
A single proximal stimulus elicited a sizable Ca 2+ transient with a mean peak fluorescence increase (DG/R 3 100%, see Experimental Procedures) of 77.2% ± 23.0% (n = 3). In contrast, proximal spines showed no Ca 2+ response to a brief burst of distal synaptic stimulation (data not shown). We next delivered isolated pairs of distal and proximal stimuli at different interstimulus intervals ( Figures 5B-5D ). Delivery of a single pair of PP and SC stimuli at a pairing interval of +20 ms elicited a spine Ca 2+ transient whose amplitude (100% ± 15.7%; n = 5)
was not significantly different from the transient caused by a single SC stimulus (p = 0.45). In contrast, when a pair of PP and SC stimuli were applied at a À20 pairing interval, the Ca 2+ transient was markedly increased to a value of 155.98% ± 13.75%. On average, the peak Ca 2+ transient elicited by stimuli paired at the À20 ms interval was 65.9% ± 13.9% greater than the transient elicited with the +20 ms interval (p < 0.0005, paired t test). The Ca 2+ transient at the À20 ms pairing interval was also significantly greater than the transient elicited with a À30 ms pairing interval, whose peak DG/R value was 97.65% ± 23.81% (p < 0.05 relative to the À20 ms interval; Figures 5C and 5D) . Finally, the vast majority of the spine Ca Neuron in a proximal spine can be significantly enhanced by an appropriately timed distal EPSP. Since the enhancement of the proximal Ca 2+ transient occurs in response to a single pair of stimuli separated by only 20 ms, the enhancement probably is too rapid to be mediated by a biochemical signaling cascade. Rather, as suggested by the computational model discussed below, the enhancement in spine Ca 2+ is likely to involve the temporal summation of the SC and PP EPSPs, leading to the depolarizationdependent relief of Mg 2+ block of the NMDA receptors at the proximal spines. Moreover, the finding that the enhancement in the spine Ca 2+ transient depends on pairing interval in a manner similar to that of ITDP strongly suggests that this NMDAR-dependent Ca 2+ signal is important for the induction of ITDP (Figure 2A ).
Pairing of Two SC Inputs Fails to Induce ITDP or to Potentiate Ca 2+ Influx at Proximal Spines Do the distal inputs make a specific contribution to ITDP? We examined this question by determining whether subthreshold pairing of two Schaffer collateral inputs could induce a similar form of plasticity (schematic in Figure 6A ). In fact, repeated pairing of two SC inputs at a 20 ms pairing interval failed to induce long-term changes in synaptic efficacy ( Figures 6B-6D ). The lack of plasticity could reflect the fact that the 20 ms pairing interval is suboptimal for temporal integration of two proximal EPSPs. We therefore repeated the pairing protocol using a 5 ms interval, which, according to our calculations using a realistic computer model (Poirazi et al., 2003) , falls within the 0-10 ms timing window required for maximal summation of proximal inputs (see also Figure S6 ). Nonetheless, even when we paired subthreshold SC inputs at an optimal 5 ms interval, we failed to induce any significant potentiation ( Figure 6D ; 1.21 ± 0.08 and 1.22 ± 0.10 fold change, respectively; ANOVA [interval] F = 1.98, p = 0.16). These results thus suggest that ITDP requires a specific interaction between distal and proximal excitatory inputs. The lack of ITDP with paired subthreshold SC inputs is surprising, as dendritic recordings indicate that paired proximal EPSPs should produce a similar or greater dendritic depolarization than optimally paired distal and proximal EPSP (data not shown). To probe the reason for the failure of SC-SC pairing to induce ITDP, we examined whether pairing of subthreshold SC inputs could enhance the proximal spine Ca 2+ transient, similar to the effect of pairing PP and SC inputs seen above ( Figure 5 ). However, pairing of two SC inputs (only one of which elicited a Ca 2+ transient in the spine that was imaged) at a variety of intervals failed to enhance the Ca 2+ transient at the imaged spine ( Figures 6E-6G ). This finding supports the view that the enhancement in spine Ca 2+ transient during PP-SC pairing plays an important role in the induction of ITDP. Moreover, because the PP-SC pairing-induced enhancement in the spine Ca 2+ transient is likely to depend on the summation of the PP and SC EPSP waveforms (see above), the inability of the SC EPSP to enhance the Ca 2+ transient at an independent SC synapse implies that optimal integration may require the slower voltage waveform associated with a PP EPSP relative to a SC EPSP ( Figure S7 ). We next use a simple computational model to explore the mechanism underlying the pairingdependent enhancement in spine Ca
2+
. (Kampa et al., 2004) , and the resultant rise in spine Ca 2+ concentration due to the NMDAR-mediated Ca 2+ influx (Sabatini et al., 2002 ; see
A Computational Model Explains the

Experimental Procedures).
We first used the model to examine the STDP induction protocol, in which a fast dendritic excitatory conductance similar to a proximal input is paired with a voltage waveform similar to a backpropagating action potential (bAP). Maximal temporal integration of the two signals occurred when the bAP rapidly followed (within 5 ms) the EPSP, rather than when it preceded the EPSP ( Figure 7A1 ). The temporal integration enhanced the voltage-dependent relief of Mg 2+ block of the NMDAR, which enhanced the NMDAR-dependent ionic current ( Figure 7B1 ) and resultant spine Ca 2+ transient ( Figure 7C1 ). By contrast, when we examined a protocol used to induce ITDP, in which we paired a fast proximal EPSP with a slower voltage waveform similar to a PP EPSP, maximal temporal integration ( Figure 7A2 ), NMDAR current ( Figure 7B2 ), and spine Ca 2+ ( Figure 7C2 ) occurred when the PP EPSP preceded the proximal input, similar to the timing dependence of ITDP. We observed a similar timing dependence using a morphologically accurate model of a CA1 pyramidal neuron ( Figure S6 ). Finally, pairing a SC input with a second SC input using a fast, transient EPSP waveform produced maximal temporal summation ( Figure 7A3 ), enhancement in the NMDAR current ( Figure 7B3 ), and spine Ca 2+ ( Figure 7C3 ) at positive pairing intervals but had little effect at negative pairing intervals. Importantly, the magnitude of the enhancement in the Ca 2+ signal with SC-SC pairing, even at the optimal interval, was significantly less than that observed with PP-SC pairing, consistent with the lack of significant Ca 2+ enhancement or ITDP with SC-SC pairing. These results help explain several important aspects of ITDP versus STDP. First, the rapid time course of a bAP limits its effectiveness in summating with a SC EPSP to when the bAP follows the EPSP (with a temporal offset determined by the kinetics of the NMDA receptor; Kampa et al., 2004) , explaining the Hebbian timing dependence of STDP. Second, the slow rising phase of the PP EPSP when it reaches a proximal spine, due in part to dendritic filtering, restricts the time window for its optimal temporal summation with a SC EPSP to when the PP EPSP precedes the SC input by $20 ms, accounting for the 
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Distal Inputs Induce LTP at Proximal CA1 Synapses non-Hebbian timing dependence of ITDP. Third, the superiority of the PP EPSP relative to the SC EPSP in enhancing NMDAR current and spine Ca 2+ at a proximal synapse is due to the prolonged depolarization produced by summation of the PP and SC EPSPs, which leads to a more prolonged relief of Mg 2+ block of the NMDAR. The model presented above provides evidence that under certain conditions slow temporally integrated waveforms may preferentially enhance local calcium entry at the synapse. However, the 33% enhancement seen in the model cannot fully explain the larger 65% increase in Ca 2+ signal during the À20 ms pairing interval at proximal synapses. We therefore explored the possibility that enhanced Ca 2+ influx through the NMDARs during pairing may be amplified through the release of Ca 2+ from intracellular stores, a process that has been implicated in other forms of synaptic plasticity that are induced by relatively sparse, low-frequency synaptic activation (Doi et al., 2005; Emptage et al., 2001; Miyata et al., 2000; Wang et al., 2000) .
To examine the importance of intracellular Ca 2+ stores for the pairing-dependent enhancement in spine Ca 2+ ,
we repeated the pairing protocol in the presence of cyclopiazonic acid (CPA), an inhibitor of the smooth endoplasmic reticulum Ca 2+ (SERCA) pump that depletes the stores of Ca 2+ . Indeed, addition of CPA caused a significant inhibition in the ability of synaptic pairing to enhance the Ca 2+ transient (Figures 8A-8C ). Thus, in the presence of CPA, the Ca 2+ transient elicited with the À20 ms pairing interval was now only 33.2% ± 6.6% greater than the transient elicited using the +20 ms interval, half as large as the 66% increase observed above with intact Ca 2+ stores ( Figures 8B and 8C , p < 0.05, unpaired t test) but in good agreement with the increase in spine Ca 2+ due to influx through the NMDARs predicted from our modeling results. This reduction during pairing is detectable despite a trend of CPA to increase the amplitude and time constant of decay of the Ca 2+ transients at all intervals (Figure 8D) , an effect expected from the blockade of Ca 2+ reuptake into internal stores by the SERCA pump.
Does the release of Ca 2+ from intracellular stores also contribute to ITDP? We first examined the effects of CPA or thapsigargin, another inhibitor of the SERCA pump and store release. Application of either inhibitor was highly effective in blocking the induction of ITDP (Figures 8E-8G ). In contrast, CPA did not block homosynaptic STDP evoked by pairing Schaffer collateral stimulation with the firing of postsynaptic action potentials in the CA1 neuron ( Figure 8H ), consistent with previous results (Nishiyama et al., 2000) . Production of biochemical signals necessary for release of calcium from intracellular stores often depends on signaling through metabotropic glutamate receptors (mGluRs), as reported previously for other forms of plasticity (Anwyl, 1999; Berridge, 1998; Ito, 2001 ; ] in response to the proximal EPSC alone plotted against the pairing interval.
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Neuron Okubo et al., 2004) . Indeed, we found that blockade of group I mGluRs (mGluR1 and mGluR5) was also effective in blocking the induction of ITDP ( Figure 8G ). CPA and thapsigargin inhibit both IP 3 receptor-mediated Ca 2+ release as well as Ca 2+ -induced Ca 2+ release from stores through ryanodine receptors. To distinguish between these mechanisms, we included in the wholecell recording solution either heparin or ruthenium red, membrane-impermeant selective inhibitors of IP 3 receptors and ryanodine receptors, respectively. Intracellular loading with heparin (400 U/mL) significantly reduced the magnitude of ITDP (1.40 ± 0.11 fold potentiation; p < 0.01), whereas inclusion of ruthenium red had little effect ( Figure 8G ). These results thus support the view that the induction of ITDP requires the group I mGluR-dependent activation of a phospholipase C-mediated signaling cascade, leading to the IP 3 -dependent release of Ca 2+ from intracellular stores. The above electrophysiological, computational, and imaging results suggest a relatively simple model for how the interaction between distal and proximal inputs underlies the induction of ITDP. First, the slowly rising, broad depolarization produced by a distal synaptic input maximally summates with a proximal SC EPSP when distal stimulation precedes proximal stimulation by 20 ms (Figures 4, and 7 and Figures S6 and S7) , leading to a marked increase in Ca 2+ influx through NMDA receptors at the proximal Schaffer collateral synapse (Figures 5 and 7) . Second, the enhanced Ca 2+ entry then induces the IP 3 receptordependent release of Ca 2+ from intracellular stores, amplifying the spine Ca 2+ signal and leading to the induction of ITDP (Figure 8 ). However, the slow depolarization produced by the distal EPSP, although necessary for induction of ITDP, may not be sufficient. Thus, we found that pairing a slow PP-EPSP-like depolarization produced by direct somatic current injection with a proximal SC EPSP failed to potentiate the proximal EPSP ( Figure S8 ). This implies that PP stimulation may also be required to recruit the mGluR-dependent biochemical signal that is required for the induction of ITDP.
DISCUSSION
Our data reveal that distal perforant path inputs influence CA1 neuron activity by providing instructive signals that induce a heterosynaptic form of subthreshold, long-term plasticity (ITDP) at more proximal, Schaffer collateral synapses. This form of associative synaptic plasticity represents a synaptic learning rule that is functionally distinct from Hebbian forms of synaptic plasticity. Unlike Hebbian plasticity, ITDP occurs in the absence of a large postsynaptic depolarization or somatic spiking, consistent with the low level of basal hippocampal activity (Henze et al., 2000) . Moreover, the temporal order of presynaptic and postsynaptic activity required to induce ITDP, in which the distal EPSP must precede activation of the Schaffer collateral inputs, is the opposite of the temporal order required to induce Hebbian plasticity, in which activity in the presynaptic cell must precede activity in the postsynaptic cell. Importantly, the pairing interval for ITDP appears finely tuned to the expected 20 ms latency of propagated activity in the hippocampal circuit (Yeckel and Berger, 1990) . Finally, the pattern of activity used to induce ITDP (low-frequency, isolated spikes) is consistent with the firing properties of superficial entorhinal cortex neurons (Frank et al., 2001; Fyhn et al., 2004; Hargreaves et al., 2005) and CA3 neurons (Frerking et al., 2005) .
Specific Role of Distal Inputs in the Induction of ITDP
The finding that perforant path inputs are efficient at inducing ITDP whereas subthreshold proximal inputs are ineffective could reflect a number of differences between distal and proximal synapses. For example, the larger NMDA component (Nicholson et al., 2006; Otmakhova et al., 2002) and distal location of the perforant path inputs (Gulledge et al., 2005) result in postsynaptic potentials with a relatively slow time course compared to SC EPSPs. Our computational modeling indicates that long-lasting subthreshold depolarizations are particularly effective in enhancing NMDA receptor-mediated Ca 2+ influx. In addition, the slow time course of the distal EPSP may be well matched to the kinetic properties of voltage-gated channels that underlie local nonlinearities responsible for boosting the Ca 2+ signal in proximal oblique branches (Losonczy and Magee, 2006) and individual spines (Bloodgood and Sabatini, 2007) . However, our failure to observe large voltage nonlinearities in the apical trunk suggests that local spikes, if they do occur, are likely modest in amplitude and fail to forward propagate.
Mechanisms for Boosting Proximal Spine Ca
2+
Signals during Induction of ITDP One surprising feature of ITDP is the relatively large size of the potentiation that is induced at the proximal synapses, despite the relatively modest depolarization that the distal EPSPs produce in the proximal dendrite. Our Ca 2+ imaging studies show that the appropriate pairing of distal and proximal EPSPs also elicits a surprisingly large enhancement in the proximal spine Ca 2+ transient. Importantly, we find that this large enhancement is due in part to a boosting effect caused by Ca 2+ release from intracellular stores in the proximal spines. These results are consistent with a number of previous studies that have detected store-dependent Ca 2+ signals at proximal CA1 synapses (Emptage et al., 1999 (Emptage et al., , 2001 Nakamura et al., 1999 Nakamura et al., , 2002 Nakamura et al., , 2000 Redman, 2002, 2006; Svoboda and Mainen, 1999) , which can contribute very rapid Ca 2+ transients with a time course similar to what we report here (Emptage et al., 1999 (Emptage et al., , 2001 Redman, 2002, 2006) . The importance of Ca 2+ release from internal stores is further emphasized by our finding that ITDP is blocked by heparin, an antagonist of IP 3 receptors, as well as by antagonists of group I mGluRs (mGluR1 and mGluR5), which signal through phospholipase C and recruitment of IP 3 . Based on these results, we favor a model in which distal stimulation produces two effects that are required for the induction of ITDP. First, the propagation of the distal PP EPSP to proximal dendrites leads to temporal summation with the SC EPSP, resulting in relief of Mg 2+ block of proximal NMDARs and enhanced Ca 2+ entry into proximal spines. Second, the distal inputs recruit a specific biochemical signal, possibly through activation of distal group I mGluRs. The interaction of this signal with the enhanced spine Ca 2+ transient would then induce ITDP. As discussed above, the enhancement in proximal spine Ca 2+ upon delivery of a single pair of PP and SC stimuli is probably too rapid to result from the activation of mGluRs in response to the synaptic pairing at a 20 ms offset. This suggests that activation of mGluRs over the slower timescale of the 60-90 s duration of the ITDP Neuron pairing protocol may be what is critical for the induction of synaptic plasticity. However, we cannot rule out the possibility that basal levels of mGluR activation (Losonczy et al., 2003) , perhaps due to the spontaneous agonist-independent activity of the receptor (Losonczy et al., 2003) , might contribute to the pairing-induced enhancement in proximal spine Ca 2+ . Such basal mGluR activity could produce a small elevation in resting levels of IP 3 (Abdul-Ghani et al., 1996) that then might be sufficient to stimulate Ca 2+ release through the IP 3 receptors during synaptic pairing, due to the known synergistic interaction between IP 3 and cytoplasmic Ca 2+ (Berridge, 2002) . As our results do not permit a definitive localization of the biochemical signaling during the induction of ITDP, a challenging goal in the future will be to identify the nature of this biochemical messenger.
Function of ITDP in the Context of the Architecture of a CA1 Pyramidal Neuron and the Hippocampal Circuit Although the primary function of dendrites is to integrate diverse excitatory and inhibitory inputs to trigger an action potential output from a neuron London et al., 2002; Magee, 2000; Williams and Stuart, 2003) , our results suggest that neurons may also exploit the biophysical constraints of their dendritic morphology to perform unique subthreshold computations. Thus, low-frequency excitation by distal synaptic inputs (Frank et al., 2001 ) may play a relatively minor role in the ongoing conversation of propagated spiking activity in the hippocampal circuit. Rather, we propose that in addition to driving somatic spikes in a suprathreshold regime during strong synaptic activation, isolated distal synaptic inputs can provide instructive signals for the induction of plasticity at proximal synaptic inputs in a subthreshold regime. The coexistence of complementary suprathreshold and subthreshold forms of plasticity would dramatically increase the computational power of CA1 pyramidal neurons. For example, the indirect influence of distal synaptic inputs via ITDP may serve to implement a supervised learning rule that assesses the salience of the transformed hippocampal input arriving at proximal CA1 synapses, enhancing the transmission of those signals that bear the proper temporal relation to the original sensory context conveyed by the direct input from entorhinal cortex. One striking finding from these experiments is how the cellular mechanisms for the induction of ITDP appear finely tuned to match the functional properties of the hippocampal circuit in which this form of synaptic plasticity is embedded. Thus, the electrotonic architecture and biophysical properties of CA1 pyramidal neuron dendrites introduce a timing delay in the propagation of a distal EPSP to more proximal synapses that matches the temporal dynamics of the delay-line architecture in the hippocampal trisynaptic circuit. The fact that circuits throughout the brain have defined anatomical arrangements that impose distinct temporal constraints on signal propagation and are composed of neurons with unique dendritic architectures and biophysical properties raises the intriguing possibility that the tuning of cellular plasticity to circuit dynamics may be a more general organizing principle in the nervous system.
EXPERIMENTAL PROCEDURES
Electrophysiology and Analysis Horizontal brain slices were prepared from P30-P50 mice. The standard ACSF had the following composition (mM): NaCl (125), NaH 2 PO 4 (1.25), KCl (2.5), NaHCO 3 (25), glucose (25), CaCl 2 (2), MgCl 2 (1), pyruvate (0-2), continuously bubbled with 95%/5% O 2 /CO 2 . Patch pipettes (2.5-5 MU for somatic recordings and 7-10 MU for dendritic recordings) were filled with ''intracellular solution'' containing (mM) KMeSO 4 (130), KCl (10), HEPES (10), NaCl (4), EGTA (0.1), MgATP (4), Na 2 GTP (0.3), and phosphocreatine (10). Focal stimulating electrodes (patch pipettes coated with AgCl paint and filled with ACSF or 1 M NaCl) were used to apply single, unipolar shocks of 0.1-0.2 ms in duration using a constant current stimulator. All experiments were performed at 32 C-34 C (see Supplemental Experimental Procedures).
The ''fold change'' in EPSP size in response to induction of plasticity was determined from the average peak EPSP 15-30 min postinduction divided by the average EPSP prior to the induction protocol. For time course plots, data were converted to fold change for each experiment and averaged. A boxcar average was then taken of 6 to 12 consecutive individual responses (1-2 min). All error bars are standard errors of the population mean or boxcar mean. In most experiments, drugs (from Sigma or Tocris-Cookson) were added to the bath solution by dilution from stock solutions (500-to 1000-fold concentrated). In a subset of experiments, drugs were locally superfused through a patch pipette touching the surface of the slice in SLM. Statistical tests were performed using Excel (Microsoft, Redmond, WA) and SigmaStat (Systat Software, Inc., San Jose, CA).
Two-Photon Ca 2+ Imaging
Two-photon Ca 2+ imaging (BioRad Radiance 2100 MP; Zeiss, Jena, Germany) in CA1 proximal spines was performed using a preloading procedure in which the whole-cell pipette was withdrawn 5-7 min after obtaining a whole-cell configuration to minimize washout of synaptic plasticity (Lamsa et al., 2005) . The EGTA in the pipette solution was replaced with the low-affinity Ca 2+ dye Fluo-5F (500 mM); a structural dye, Alexa 594 cadaverine (25 mM) (Invitrogen, Carlsbad, CA), was also included. The Ca 2+ -related fluorescence change was expressed as the ratio: (green fluorescence intensity at a given time minus the resting green fluorescence intensity) divided by the red fluorescence intensity, expressed as a percentage (DG/R 3 100%). Further details are provided in Supplemental Data.
Computational Modeling
Model 1 A simple multicompartment model was implemented in NEURON (NEURON version 5.9, available at http://www.neuron.yale.edu/ neuron) to simulate a mixed AMPA/NMDA receptor synapse on a dendritic spine attached to the shaft through a narrow neck (see Supplemental Data for details). Spine [Ca 2+ ] due to influx through the NMDAR was determined by convolving the NMDAR EPSC with the spine Ca 2+ impulse response function (Sabatini et al., 2002) . Model 2 The model previously described by Poirazi and colleagues (Poirazi et al., 2003) was used to simulate interactions between proximal and distal synapses in a morphologically reconstructed CA1 dendrite.
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/56/5/866/DC1/.
